In Brief
Lack of iron limits primary production in the ocean. Terrestrial-derived lithogenic particles can be iron-rich, but low solubility makes it unavailable. Schmidt et al. show that zooplankton ingests these particles and acidic digestion mobilizes the attached iron. This is a significant pathway of new iron supply and can boost ocean productivity.
Iron is an essential nutrient for phytoplankton, but low concentrations limit primary production and associated atmospheric carbon drawdown in large parts of the world's oceans [1, 2] . Lithogenic particles deriving from aeolian dust deposition, glacial runoff, or river discharges can form an important source if the attached iron becomes dissolved and therefore bioavailable [3] [4] [5] . Acidic digestion by zooplankton is a potential mechanism for iron mobilization [6] , but evidence is lacking. Here we show that Antarctic krill sampled near glacial outlets at the island of South Georgia (Southern Ocean) ingest large amounts of lithogenic particles and contain 3-fold higher iron concentrations in their muscle than specimens from offshore, which confirms mineral dissolution in their guts. About 90% of the lithogenic and biogenic iron ingested by krill is passed into their fecal pellets, which contain $5-fold higher proportions of labile (reactive) iron than intact diatoms. The mobilized iron can be released in dissolved form directly from krill or via multiple pathways involving microbes, other zooplankton, and krill predators. This can deliver substantial amounts of bioavailable iron and contribute to the fertilization of coastal waters and the ocean beyond. In line with our findings, phytoplankton blooms downstream of South Georgia are more intensive and longer lasting during years with high krill abundance on-shelf. Thus, krill crop phytoplankton but boost new production via their nutrient supply. Understanding and quantifying iron mobilization by zooplankton is essential to predict ocean productivity in a warming climate where lithogenic iron inputs from deserts, glaciers, and rivers are increasing [7] [8] [9] [10] .
RESULTS AND DISCUSSION
While most of the remote Southern Ocean is a high-nitrate lowchlorophyll (HNLC) area, primary productivity can be elevated for hundreds of kilometers downstream of islands, including South Georgia ( Figure 1A ). This is considered a consequence of iron supply from the island shelves and its subsequent transport and recycling within the current flow [11] [12] [13] [14] [15] . Our in situ measurements of dissolved iron (DFe; <0.2 mm), total dissolvable iron (TDFe; unfiltered), and surface water salinity suggest that high iron concentrations over the northern shelf of South Georgia are also associated with a freshwater source: melting glaciers (Figures 1B and 1C ; Figure S1 ). Glacial runoff has been found to be an important iron source in other polar regions [4, 16, 17] due to its high sediment load and the attached aggregations of iron oxyhydroxide nanoparticles [4, 18] . However, most of the iron associated with glacial runoff is removed from surface waters during transition from low to high salinity [19] , and the fate and chemical processing of iron during transport from glaciers to the adjacent ocean is not well understood [20] .
Antarctic krill (Euphausia superba) are central within the South Georgia foodweb because they transfer primary production to higher trophic levels, including fish, seals, penguins, albatrosses, and whales [21] . Highest krill abundances on the eastern side of the island coincide with low chlorophyll a (chl a) concentrations and the dominance of fecal pellets in the suspended matter of surface waters, which indicates intensive grazing by krill ( Figures  1D-1G ). However, stomach content analysis reveals that krill do not only feed on phytoplankton but also ingest lithogenic particles and copepods when those are abundant ( Figure 1H) . Consequently, the amount of lithogenic particles in krill stomachs increased exponentially toward the main glacial outlets at Cumberland Bay, reaching >100-fold higher values than at a reference station $170 km away (Figure 2A ). In concert with the increased ingestion of lithogenic particles, krill had up to 3-fold higher iron concentrations in their muscle tissue and 1-2 orders of magnitude higher iron concentrations in their fecal pellets ( Figures 2B and 2C) . Regardless of the sampling location, krill fecal pellets contained typically higher proportions of labile iron than the suspended material in surface waters (labile iron in pellets: 2.4% ± 2.0% of total particulate iron; labile iron in suspended material dominated by diatoms: 0.5% ± 0.5%, T value = 4.85, p value = 0.0001, degree of freedom = 31) ( Figure 2D ).
Both the enhanced iron concentrations in krill tissue and the high labile iron content in their fecal pellets suggest that some of the ingested lithogenic iron is mobilized and even dissolved during gut passage. Such a mechanism has been shown for benthic and intertidal species, including polychaetes, bivalves, and harpacticoid copepods [22] [23] [24] , but until now evidence was missing for zooplankton. The mobilization of lithogenic iron is likely due to the acidic digestion typical for crustaceans [25, 26] . A gut pH of 5.4, as found in pelagic copepods [26] ,
Chl a (μg L enhances the Fe(III) solubility $100-fold compared to carbonate-buffered seawater [27] . Other factors associated with feeding, such as mechanical and enzymatic impact on particles and anoxia [22, 26] , may complement the effect of a lowered pH. Moreover, it has been shown that Fe(III) regenerated by zooplankton is bound to organic ligands, which can keep the released iron in the dissolved pool [28, 29] . These iron-binding ligands are likely degradation products of ingested phytoplankton (e.g., porphyrin compounds [28] ) that are delivered alongside the reduced iron during digestion.
To quantify the role of iron mobilization by krill in ocean fertilization, one needs to measure individual iron release rates and scale them up to the local abundance of krill. Therefore, we conducted shortterm shipboard incubations of freshly caught krill as in a previous study [30] , with the difference being that not only TDFe release rates [30] but also the excretion of DFe were measured. No relationship was found between the release rates of TDFe or DFe and krill body size, but instead relationships were found with the type and amount of ingested food. The DFe excretion rates increased with the initial amount of diatoms in krill stomachs (DFe = À25.07 there was a strong correlation between TDFe release rates and the dry mass of fecal pellets egested during the 3 hr incubations, indicating that fecal pellets were the main source of the released TDFe ( Figure 2F ). No such relationship was found between DFe release rate and the mass of egested pellets, so DFe was probably directly excreted by krill rather than leached from their pellets. The estimated total iron supply rates by krill in the upper mixed layer ranged from 0.1 to 31 pM DFe d (Table S1 ). These DFe excretion rates are at the midrange of values previously reported for micro-and mesozooplankton and cover up to 30% of the phytoplankton iron demand under bloom conditions (Tables S1 and S2 ). However, these are conservative estimates, as on average two-thirds of the krill population resided below the mixed layer, and additional DFe released by those krill may enter surface waters through vertical transport [15] . The DFe flux due to krill grazing is within the range of flux from physical sources such as upwelling, vertical diffusion, and atmospheric dust deposition (Table S3 ).
Our study shows that, on average, >90% of iron ingested by krill is re-packaged into fecal pellets rather than excreted as DFe or incorporated into body tissue (Figure 3 ). This is because iron concentrations in krill fecal pellets were 3-4 orders of magnitude higher than in muscle tissue and because >90% of the iron released by krill during short-term incubations was in particulate rather than dissolved form. Therefore, the cycling of iron ingested by krill is closely linked to the fate of their fecal pellets. Even in the laboratory, sinking rates of krill fecal pellets are highly variable (1-51 m h À1 ) depending on packaging den- Table S1 includes calculations of total DFe supply by krill.
sity, pellet volume, and mineral ballast [31] . In situ, pellet sinking is further modified by turbulence and impact of grazers. At several of our sampling stations, fecal pellets accounted for >70% of the suspended particulate matter in surface waters ( Figure 1G ), which suggests some retainment. While krill fecal pellets are traditionally seen as fast-sinking and exporting nutrients [32, 33] , there is increasing awareness that a substantial proportion of pellets is fragmented and degraded in the upper ocean [34, 35] , and nutrients are resupplied.
Regardless of the fate of these pellets, krill gut passage increases the proportion of labile iron and therefore the likelihood of subsequent iron dissolution due to photochemical reactions, ligand activity, microbial recycling, or zooplankton coprophagy [5, [35] [36] [37] . Radiotracer experiments have shown that 6-96 pM DFe d À1 can be released from copepod fecal pellets, which is similar in extent to iron regeneration from phytoplankton either due to viral lysis or grazing [37] . Thus, in addition to immediate DFe excretion by krill, further DFe may derive from the degradation of fecal pellets and the digestion of krill tissue by predators [37, 38] . In conclusion, krill uptake and mobilization of lithogenic and biogenic iron provides the basis for several pathways of DFe supply. These pathways involve the activity of other organismsmicrobes, zooplankton, krill predators-and abiotic processes (Figure 3) , and in their sum they can deliver a substantial part of the phytoplankton iron demand. However, questions remain over the bioavailability of the supplied iron [39] , the competition between bloom-forming diatoms and bacteria for iron [37] , and the balance between phytoplankton fertilization and grazing losses [40] . Insights into the net effect of krill may be provided by the fact that krill abundances at South Georgia vary greatly from year to year due to far-field processes: the recruitment in their nursery grounds in the south and subsequent advection across the Scotia Sea [41] . High-krill years coincide with low chl a concentrations on the South Georgia shelf but high chl a concentrations downstream ( Figures 4A and 4B) . In contrast, during low-krill years the bloom is shorter, less intensive, and lies closer to the island ( Figure 2S ). These correlations do not necessarily prove cause and effect, but may also reflect interannual variability in physical factors such as meltwater runoff, lateral advection of iron and macronutrients, or mixed-layer depth [43, 44] . However, the bloom downstream of South Georgia is clearly sourced by iron supply from the island [12, 15, 44] , so any process that enhances the concentration of DFe and TDFe in surface waters on the shelf would also contribute to the bloom development downstream. At our outermost sampling station, the Fe:C ratios of diatomdominated suspended matter were still 2 orders of magnitude higher (3600 ± 330 mmol mol À1 ) than values for diatoms under
Fe-replete conditions elsewhere [45] . Luxury iron uptake by abundant pennate diatoms [46] on the shelf and their subsequent transport downstream may be an important mechanism for offshore iron fertilization, as it retains particulate iron and recycled iron in surface waters. The fact that, even in years with high krill grazing impact, the bloom was not entirely suppressed but rather was displaced beyond their habitat suggests that iron loss via sinking krill fecal pellets is secondary. In conclusion, we offer the hypothesis that long-lasting blooms downstream of South Georgia benefit from on-shelf iron mobilization and recycling by krill and other heterotrophs.
There is general consensus that zooplankton grazing is an important mechanism to recycle biogenic iron [28, 39] . This recycled iron seems to be highly bioavailable, as diatoms take up iron regenerated by copepods 43 to 73 faster than inorganic iron [39] . Copepods also release iron-binding ligands when grazing on phytoplankton [28, 29] . The ligands can complex with inorganic iron and thereby increase iron concentration solubility. Our study shows a third implication of zooplankton feeding: the mobilization of iron attached to lithogenic particles. Acidic digestion and other gut processes can accelerate the dissolution of lithogenic iron, which is low in carbonate-buffered seawater. This mechanism was proposed based on enhanced trace-element mobility at lowered pH [6] , but our field study now brings direct evidence. The ingestion of lithogenic particles is not restricted to Antarctic krill but is a widespread phenomenon among suspension-feeding zooplankton. It is known for copepods, mysids, salps, other euphausiids, and ciliates in river plums, fjords, at the seabed, or in the open ocean after dust deposition [47] [48] [49] [50] [51] [52] [53] . Therefore, iron mobilization by zooplankton could be important across a variety of habitats. Our study emphasizes that ocean fertilization does not depend merely on physical iron supply but also on the prevailing foodweb structure that facilitates iron solubility, mobilization, and recycling.
EXPERIMENTAL PROCEDURES
This text summarizes the methods used, with the Supplemental Experimental Procedures providing full details. Table S2 ). On a daily basis, $5% of the krill body iron content is assimilated, >200% is egested via fecal pellets, and $10% is directly excreted as DFe. This indicates the high iron content of the ingested food compared to krill's own requirements. The iron that is ingested and mobilized by krill can reach the DFe pool via several pathways (indicated in A-D). Black and open arrows represent the relative fractions sourced from lithogenic and biogenic iron, respectively. Gray arrows indicate processes that remain to be quantified. In Table S3 , DFe fluxes from krill are compared to those from physical sources.
Sampling
containing 10-20 krill and two control carboys without krill were run at 2 C. The incubation water was sampled for DFe and TDFe initially and after 1 hr and 3 hr. At termination of the experiment, the remaining fecal pellets were collected for dry mass estimates.
Iron Measurements
In a trace metal clean laboratory container onboard the ship, water samples for DFe (<0.2 mm) and TDFe (unfiltered) were acidified with ultra-pure HNO 3 to pH 1.66 for subsequent analysis by inductively coupled plasma-mass spectrometry (ICP-MS). The labile particulate iron fraction was remobilized with a 25% acetic acid solution at room temperature for 3 hr. The refractory particulate iron was digested in a mixture of concentrated HNO 3 , HCl, and HF acids at 140 C for 4 hr. Both labile and refractory particulate iron were analyzed by ICP-MS. 
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